Bacterial endocarditis has been investigated extensively for over a century, yet many aspects of its pathogenesis remain unresolved. In particular, the events following blood stream infection leading to the inception of the valvular lesion are inadequately understood. Numerous methods have been employed in attempts to produce endocarditis and the diverse experimental procedures 5Present address: Department of Animal Husbandry, Royal Veterinary College, Boltons Park, Potters Bar, Hertfordshire adopted testify to the difficulties of consistently reproducing the disease by simple methods such as a single intravenous inoculation of bacteria into a normal animal.
The earliest experimental production of endocarditis is usually attributed to Ribbert (1886) , who injected rabbits intravenously with a mixture of staphylococci and potato particles. In his successful experiments the rabbits died within 60 hours and small nodules were found on the edges of the mitral and tricuspid valves. He considered that the coccus became implanted in the valve surface, causing damage which allowed the formation of thrombotic nodules.
Wyssokowitsch (1886) and Orth (1886) utilized a technique designed to damage the heart valves prior to the systemic introduction of a bacterial pathogen. They damaged the aortic valves of rabbits by introducing a sharp instrument into the aorta via the carotid artery. Following the injection of streptococci into such prepared animals, endocarditis developed; lesions did not develop in rabbits if their aortic valves had not been damaged, even though the dose of infecting organisms was increased tenfold.
Dreschfeld (I 888a, b) communicated the results of an important experiment to the Pathological Society of Manchester in October 1887 and again to the Lancashire Veterinary Medical Association in December 1887. He reported isolating a streptococcus from vegetative lesions superimposed on the damaged mitral valve of a woman with rheumatic endocarditis, and injecting a beef-tea suspension of the organism intravenously into a rabbit; the rabbit developed extensive heart valve lesions and renal infarction. The streptococci were recovered from the experimentally produced lesion and injected into another rabbit, with similar results. Dreschfeld's experiment is of historical importance because it is the first instance of endocarditis being produced by the simple intravenous injection of a bacterial pathogen without resorting to prior mechanical trauma of the valves or to the injection of foreign substances. The experimental methods employed by these early investigators, namely (1) the injection of foreign substances, (2) preliminary trauma of the valves and (3) simple injection of a bacterial pathogen, set a trend that was to be followed for many years.
Experimental Methods
Two general systems of experimentation have evolved. In the first, normal animals are used; in the second, the animals are subjected to some procedure intended to render their heart valves more susceptible to bacterial attack. The bacteria used most frequently have been those isolated from man, usually from endocardial lesions, but occasionally the bacteria were isolated from the same species as used in the experiments. The experimental procedure utilized within the two broad systems may be summarized as follows:
(1) Administration of bacteria to normal animals: (a) Single inoculation. (b) Repeated or sustained inoculation; (i) to simulate bacterimmia, (ii) to produce an 'immune status'.
(2) Administration of bacteria to animals subjected to preliminary procedures intended to render heart valves more susceptible to bacterial attack: (a) Mechanical injury to the valves. (b) Sensitization of the valves by (i) colloidal dyes, (ii) casein, (iii) pitressin. (c) Stressing the cardiovascular system by (i) arteriovenous fistulb, (ii) simulated high altitude, (iii) impairment of cardiac lymph flow.
Of the experimental systems outlined, those relying on procedures other than a single inoculation of a bacterial pathogen have two inherent disadvantages.
(1) It is difficult or impossible to 'age' the endocarditis lesions accurately.
(2) Some procedures may lead to problems in the interpretation of histological changes in heart valves; in studies of the early stage of the lesions it may be difficult to distinguish changes attributable to bacterial attack from those due to the stressing procedure employed.
On the other hand, some of the systems utilized indicate possible predisposing factors which could aid the initiation of heart valve vegetations.
Endocarditis has been little studied in animals in which it occurs naturally. The pig is susceptible to bacterial endocarditis and in this species the disease is most frequently caused by Erysipelothrix rhusiopathia (swine erysipelas) and by streptococci, particularly those belonging to Lancefield's serological Groups C and L (Jones 1968 (Jones , 1969 . Because of the economic importance of swine erysipelas much experimental work has been devoted to many aspects of the disease, including its pathogenesis. However, until Fortner & Dinter (1944) introduced the skin scarification technique of inoculation, erysipelas could not be produced consistently; therefore studies on experimental aspects of the disease, including its cardiac manifestations, were limited. Following the introduction of this technique studies on erysipelas have been confined mainly to the acute and to the chronic arthritic forms of this disease and to aspects of immunity, prophylaxis and therapy. Endocarditis has been studied only incidentally, except by Wellman's group in Germany (Wellman 1954 , Retzlaff 1959 , Wellman & Liebke 1962 .
There are only two reports of deliberate attempts to produce streptococcal endocarditis in pigs, one by Hont & Banks (1944) in Australia, the other by Cotchin & Hayward (1953) in Britain. Both reports describe the production of endocardial lesions in a small number of pigs using streptococcal strains isolated from naturally occurring cases of endocarditis in pigs. The pathogenesis of the disease was not studied.
Materials and Methods
Animals: Large White pigs aged 8-12 weeks of either sex were used. In the first series of experiments they were housed in groups of 5 (3 for inoculation and 2 controls) and, in the second series, in groups of 3 (2 for inoculation and 1 control). All were fed on ordinary commercial diet.
Bacterial strains: Four strains of ,B hmmolytic streptococci (2 Group C and 2 Group L) isolated from field cases of endocarditis in sows (Jones 1968) were tested for their ability to produce endocarditis when inoculated intravenously into young pigs. One Group L strain, S85, produced endocarditis in 6 of 10 pigs to which it was administered (Jones 1969) . Subsequently this strain was used in two series ofexperiments in an attempt to study the pathogenesis of endocardial vegetations; it had been maintained in a lyophilized state since its original isolation in 1962. Before each experiment the streptococcus was reconstituted in Todd-Hewitt broth and subcultivated on 5 % horse blood agar. Subsequently, colonies from blood agar were inoculated into 20 ml amounts of Todd-Hewitt broth and incubated aerobically at 37°C for 18 hours. The growth obtained was used for the preparation of the inoculum. Preparation and administration of the inoculum: Broth cultures in 10 ml quantities were centrifuged and the bacterial deposit washed and resuspended in phosphate-buffered saline pH 6.8 (PBS) to remove any soluble product of growth of the organisms present in the culture and to avoid the introduction of a protein-rich bacteriological medium into the pigs. Each pig was given 10 ml of a PBS suspension containing approximately 108 viable units of streptococci via an ear vein. Control pigs were given 10 ml of PBS by the same route.
Plan of the experiments: In the first series of experiments, pigs were killed at various intervals between 2 and 14 days after inoculation to determine the pathological changes present at these stages; in the second series of experiments, pigs were killed at intervals of 12-48 hours after inoculation so that the early development of the endocardial vegetations could be studied.
Clinical, pathological and bacteriological examinations: In addition to the procedures previously scopic and histological appearance of the lesions are illustrated in Figs 1 and 2.
The majority of the pigs with endocarditis had myocardial and renal infarcts; the myocardial infarcts were associated mainly with areas supplied by branches of the left descending coronary artery. Splenic infarcts were found in 2 of these pigs and pulmonary infarcts in 1.
All 46 pigs developed an acute polyarthritis within a few days of inoculation; in those pigs which did not develop endocarditis, arthritis was the only abnormality found. The endocardial lesions conformed to classical textbook descriptions; the nature of these lesions and the others mentioned above, together with a record of the clinical course of the infection, have been reported previously (Jones 1969) . Typical examples of the results of the enumeration of streptococci in the blood of pigs during 
valve.Pig killed ten days after inoculation
In all pigs in which bacterial counts were made it was found that the number of bacteria in the blood fell dramatically in the first hour following inoculation. Thereafter one of two distinct patterns emerged.
(1) Bacteria were present in the blood usually on every day during the course of the infection and at about days 3-5 their number increased to high levels of the order of 104-105 per ml; endocarditis was found in all pigs showing this pattern (e.g. pig 25 killed at 7 days, Fig 3) .
(2) Bacteria disappeared from the blood between days 4 and 6 and, when these pigs died or were killed, endocardial vegetations were found in 41 fR ;¢some (e.g. pig 24 killed at 14 days, Fig 3) , but not in others (e.g. pig 26 killed at 13 days, Fig 3) . A Fig 2 Valve lesion from apig killedtwelve days thr thoeial posil patr,a'ihbc after inoculation. The vegetation is composed third theoretically possible pattern, a high bacprincipally ofbacteria (dark areas) andfibrin terial count in the absence of endocarditis, was (light areas). A zone ofinflammatory cells is not encountered. present in the valve stroma beneath the vegetation.
No abnormalities were detected in the control Hawmatoxylin and eosin. x 85 pigs.
described (Jones 1969) Series 2: Of 10 pigs inoculated with strain S85 and killed between 18 and 48 hours, macroscopic endocardial vegetations were found in each of 5, at 48, 36, 30, 24 and 18 hours respectively. In 5 other inoculated pigs killed at 12 hours, endocardial lesions were not found macroscopically or histologically.
Thus the earliest detectable lesion was present at 18 hours after inoculation (Figs 4 and 5) . These early lesions in the 5 pigs were present on the mitral valve leaflets in all cases and, additionally, on the chordxe tendinew in 2. The lesions were yellow and nodular, measuring 1.0-3.0 mm in diameter; in one case the nodular lesion was surrounded by a hemorrhagic zone (Fig 4) but such hemorrhage was exceptional. Myocardial infarcts were not detected in any of these pigs but minute renal infarcts were present in 2 of them. All pigs, except those killed at 12 hours, showed signs of polyarthritis irrespective of the presence of endocardial lesions. The pattern of bacterial counts in the blood of 2 pigs which developed endocarditis is shown in Fig 6. A similar pattern was found in pigs which did not develop valve vegetations. Iz 0 z No abnormalities were detected in the control pigs.
Discussion
The purpose of this paper is to indicate the potential value of an animal model in the study of bacterial endocarditis. It is not intended to report on the pathogenesis of the experimentally induced disease.
The model described has the following advantages. (1) Endocardial vegetations can be induced in approximately 50% of the animals to which a single intravenous injection of a Group L streptococcus is administered. (2) Preliminary stressing factors of a systemic or local nature are not necessary.
(3) The lesions produced can be detected macroscopically as early as 18 hours after inoculation and it is also possible to detect signs of valvular disease by auscultation 2 days after inoculation (Jones 1969) . (4) There may be intrinsic immunological and other host-parasite relationships which can be better exploited using a model based on a naturally occurring propensity of a bacterial pathogen to produce endocarditis 0-0 A7 A-SA Fig 6 Early bacterarmic phasefollowing intravenous injection ofstreptococci 42 in a particular host, in this case a Group L streptococcus in the pig. (5) It is suitable for the study of infarction, fibrin deposition and aggregation, and arthritis.
One of the interesting issues posed by this model is the reason why, following the injection of the organism, all pigs become ill and develop arthritis but only 50 % develop endocarditis. Attempts to raise the incidence of endocarditis by increasing the number of organisms inoculated ten-and a hundred-fold have been unsuccessful. However, preliminary experiments suggest that the administration of organisms derived from 6-hour broth cultures may result in a higher incidence of valve lesions. On the other hand, at the infecting dose used in the main experiments, it may be that the development of endocardial lesions in 50% of the pigs is dependent on host factors, such as immunological status, especially in relation to the ability of the streptococci to adhere to and propagate on the valve surface.
The earliest stage at which lesions were detected was 18 hours. Lesions were not detected in 5 pigs at 12 hours; there are four possible reasons for this. (1) The lesion does not develop within the first 12 hours following inoculation. (2) Lesions might not have developed in any of these pigs even if they had been allowed to survive for longer periods.
(3) Lesions may possibly have been lost during the process of examining the heart because early lesions are such delicate structures that, unknowingly, they could easily be obliterated or removed despite careful handling. (4) They may not have developed to macroscopic proportions and the possibility ofdetecting them histologically, from randomly selected portions of the valve, is largely a matter of chance.
The results indicate that if a heart valve lesion is produced, its formation is initiated during the first 24 hours following inoculation. The development of detectable lesions so soon after inoculation is clearly advantageous when studying the early stages of the disease with a view to elucidating its pathogenesis. Summary An experimental model for the study of bacterial endocarditis is described, based on the administration of a single intravenous injection of Group L streptococci to pigs aged 8-12 weeks. Endocardial vegetations developed in 50% of pigs inoculated. One of the principal advantages of this model is that lesions are detectable within 24 hours of inoculation, thus facilitating study of the pathogenesis of the disease.
